Eukaryotic ATP-dependent 6-phosphofructokinases (Pfks) differ from their bacterial counterparts in a much more complex structural organization and allosteric regulation. Pichia pastoris Pfk (PpPfk) is, with ϳ1 MDa, the most complex and probably largest eukaryotic Pfk. We have determined the crystal structure of full-length PpPfk to 3.05 Å resolution in the T state. PpPfk forms a (␣␤␥) 4 dodecamer of D 2 symmetry with dimensions of 161 ؋ 157 ؋ 233 Å mainly via interactions of the ␣ chains. The N-terminal domains of the ␣ and ␤ chains have folds that are distantly related to glyoxalase I, but the active sites are no longer functional. Interestingly, these domains located at the 2 distal ends of this protein along the long 2-fold axis form a (␣␤) 2 dimer as does the core Pfk domains; however, the domains are swapped across the tetramerization interface. In PpPfk, the unique ␥ subunit participates in oligomerization of the ␣␤ chains. This modulator protein was acquired from an ancient S-adenosylmethionine-dependent methyltransferase. The identification of novel ATP binding sites, which do not correspond to the bacterial catalytic or effector binding sites, point to marked structural and functional differences between bacterial and eukaryotic Pfks.-Sträter, N., Marek, S., Kuettner, E. B., Kloos, M., Keim, A., Brüser, A., Kirchberger, J., Schöneberg, T. Molecular architecture and structural basis of allosteric regulation of eukaryotic phosphofructokinases. FASEB J. 25, 89 -98 (2011). www.fasebj.org
The phosphorylation of fructose 6-phosphate (F-6-P) to fructose 1,6-bisphosphate is a key control step of glycolysis in most organisms. It is catalyzed by the ATP-dependent 6-phosphofructokinase (Pfk, EC 2.7.1.11), an enzyme that shows manifold allosteric regulation. Pfks from bacteria were among the first enzymes to which the Monod model of allosteric cooperativity was applied (1) . Bacterial Pfks are modulated essentially by only 2 effector molecules: Mg 2ϩ /ADP acts as an activator, whereas phosphoenolpyruvate (PEP) is inhibitory. The structural basis of the catalytic steps and allosteric changes has been characterized early based on crystal structures of Escherichia coli Pfk (EcPfk) and Bacillus stearothermophilus Pfk (BsPfk) (2) (3) (4) (5) (6) . More recently, structures of Pfks from Lactobacillus bulgaricus, Listeria innocua (unpublished observations; PDB 3HIC and 3IE7), and Trypanosoma brucei have also been determined (7) (8) (9) (10) . The latter structure represents the first eukaryotic Pfk structure; however, this homotetrameric enzyme rather resembles the bacterial diphosphate-dependent enzymes and does not possess the characteristic features of eukaryotic Pfks (9) . Bacterial Pfks have a homotetrameric structure of D 2 symmetry (6) . Each monomer of ϳ320 aa contains 1 active site with the ATP and F-6-P binding sites and an effector binding site for PEP or ADP. The binding sites for F-6-P and the effectors are located at the interface between subunits. Eukaryotic Pfks exhibit a far more complex and sophisticated regulatory mechanism. They differ significantly in their allosteric regulation from the bacterial Pfks, being influenced by Ͼ20 effectors (11) . Physiologically most relevant is the activation by AMP and fructose 2,6-bisphosphate (Fru-2,6-P 2 ), whereas ATP and citrate exert an inhibitory effect. Based on sequence homology, it has been suggested that the eukaryotic Pfks evolved from an ancestor protein resembling the current bacterial Pfks by a gene duplication and tandem fusion event (12, 13) . Each subunit of a eukaryotic Pfk thus consists of 2 homologous halves, each related to a bacterial Pfk subunit. The better conserved N-terminal halves contain the active site (termed F and N in this study for the F-6-P and nucleotide binding sites, respectively), whereas the former catalytic site of the C-terminal half may have developed into new regulatory binding sites (FЈ and NЈ). In the well-studied Saccharomyces cerevisae Pfk (ScPfk), a further gene duplication event and divergence resulted in 2 homologous subunits, forming ␣ 4 ␤ 4 -heterooctamers of D 2 symmetry (14, 15) . Both chains of yeast Pfks also contain a ϳ200 residue Nterminal domain of unknown function that has no significant sequence homology to structurally or functionally characterized domains. In mammals, these N-terminal domains are lacking. Although dimeric forms of mammalian Pfks were detected, the smallest active form is the tetramer of ϳ330 kDa (12) . All mammalian enzymes show a tendency to form larger aggregates (16) , and they can form isoforms in a tissue-dependent manner. In humans, Pfk is encoded by 3 genes (PFK-M, PFK-L, and PFK-P) that are located on different chromosomes.
Despite early reports of the crystallization of rabbit muscle Pfk (17) and later of a proteolyzed fragment of ScPfk (18) , the structure of the eukaryotic Pfks has remained elusive until now. Three-dimensional electron microscopy studies (19 -23) and small-angle X-ray scattering experiments (24) revealed low-resolution structures of the molecular assembly of the subunits of yeast Pfks.
Pichia pastoris Pfk (PpPfk), with a molecular mass of 975 kDa, is one of the largest and more complex representatives of the Pfk family (25) (26) (27) . It contains a unique ␥ subunit of 41 kDa that has so far only been characterized in Pichia species, and no protein homologue of known structure or function could be identified. The ␣ and ␤ subunits of 109 and 104 kDa molecular mass, respectively, share high structural homology (54 -60% amino acid identity) to the respective subunits in other heterooligomeric yeast Pfks, such as ScPfk. Although the unique ␥ subunit is not essential for enzymatic activity, it modulates the allosteric behavior of the enzyme and contributes to the adaption of P. pastoris to variation of the energy charge of the cell (27) . The ␥ subunit is an integral part of the (␣␤␥) 4 -PpPfk, and based on an electron microscopy structure, it bridges the N-terminal halves of the ␣ and ␤ subunits (26, 28) .
The spatial structure and catalytic mechanism of bacterial Pfks have been characterized now Ͼ20 yr ago; however, the structure and mechanism of allosteric regulation of eukaryotic Pfks cannot be inferred from the bacterial Pfk structures. Unfortunately, many of the large eukaryotic Pfks tend to aggregate and could not be crystallized so far. To characterize the molecular basis of allosteric regulation of the complex eukaryotic Pfks, we determined the crystal structure of PpPfk. The complete untruncated 975-kDa enzyme crystallized in the presence of inhibiting concentrations of ATP. Thus, a model of the T state of PpPfk was refined at 3.05 Å resolution, providing the first fundamental insight into the molecular architecture of eukaryotic Pfks. The structure also reveals the evolutionary origins of the ␥ subunit and of the N-terminal domains of the ␣ and ␤ subunits. Furthermore, the location of the ATP effector binding site was identified at a position not corresponding to any bacterial effector binding site, providing, together with comparisons with the bacterial Pfk structures, insight into the different regulatory mechanisms of bacterial and eukaryotic Pfks.
MATERIALS AND METHODS
PpPfk was purified essentially as described previously (26, 27) . After ammonium sulfate precipitation, the enzyme was stored overnight as a pellet in the presence of 1 mM ATP at Ϫ18°C. For crystallization, the enzyme was concentrated to ϳ10 mg/ml in a buffer containing 10 mM imidazol, 5 mM mercaptoethanol, 10% glycerol, and 10 mM ATP, pH 7.0. The 1-l protein solution and 1-l crystallization buffer were equilibrated against the reservoir solution containing 0.7 M ammonium sulfate and 0.1 M sodium citrate, pH 4.6. Microseeding (streak seeding) was essential for the growth of larger crystals of Ͼ100 m size. The crystals were stepwise (Ͻ1 min total soaking time) transferred to a buffer containing 1 M (NH 4 ) 2 SO 4 , 20% PEG200, and 0.1 M sodium citrate, pH 4.6, and frozen in liquid nitrogen. In the course of this project, many crystals had to be tested at different synchrotron beamlines, since the crystal quality after cryocooling generally differed considerably. Furthermore, the crystals tend to break easily during the cryocooling step and split spots were often observed. Details of data collection and refinement are summarized in Table 1 . The 232 frames were collected using a MX-225 (Rayonix LLC, Evanston, IL, USA) detector at beamline 14.2 at Berliner Elektronenspeicherring-Gesellschaft für Synchrotronstrahlung (BESSY II; Berlin, Germany) with an oscillation angle of 0.5°and an exposure time of 20 s. The detector was placed at a distance of 340 mm behind the sample. The phase problem was solved by molecular replacement trials (program MolRep) using a tetramer, dimer, or monomer of EcPfk (PDB 1PFK) as the search model. A clear solution matching the arrangement of the electron microscopy (EM) structures (19, 20, 28) was found by placing 4 tetramers of the bacterial enzyme in the asymmetric unit (rϭ47.1% after rigid body refinement). The electron density 
RESULTS AND DISCUSSION

Oligomer structure and relationship to bacterial Pfks
The crystallographic model of PpPfk consists of 8596 amino acid residues of the (␣␤␥) 4 heterooligomer in the asymmetric unit; 528 residues were not included in the model, since they were part of flexible regions and that could not be accurately modeled in the electron density maps. In addition, 4 ATP molecules and 71 sulfate ions were included in the model. The heterododecamer has D 2 symmetry and dimensions of 161 ϫ 157 ϫ 233 Å along the 3 perpendicular 2-fold axes, which are referred to as x, y, and z ( Figs. 1 and 2 ). The C-terminal halves of the ␣ subunits interact with each other along the x axis close to the center of the molecule. In contrast, large solvent channels are present along the y axis with almost no contacts between the ␣ chains. Along the long z axis, only the N-terminal domains of the ␣ subunits are in loose contact, otherwise a long solvent channel runs through the heterododecamer in this direction. The ␥ subunits bridge the ␣ and ␤ chains close to the center of the molecule. The ␣ and ␤ chains form a heterodimer that corresponds to a bacterial Pfk homotetramer such that the molecular symmetry axes denoted p, q, and r of the bacterial enzyme of D 2 symmetry (6) are pseudosymmetry axes of the ␣␤ dimer in PpPfk (these pseudodyads relate the following regions in the ␣␤-heterodimer: p axis, N-terminal half with C-terminal half within each chain; q axis, N-terminal half of one chain with the C-terminal half of the other chain; and r axis, Nterminal half ␣ chain with N-terminal half ␤ chain; see Fig. 2 and Supplemental Fig. 1 ). In agreement with recent mutational and kinetic studies (34, 35) , the gene fusion resulted in an arrangement, where the N-terminal halves of both chains interact with each other at one side of the heterodimer and the C-terminal halves at the other side. Two ␣␤-heterodimers tetramerize via the 2-fold z axis by interactions between the C-terminal halves of the ␣ and ␤ chains such that the r axes of the 2 ␣␤ dimers are almost colinear and thus perpendicular to the z axis. This interaction at the tetramerization interface (for comparison with other yeast or eukaryotic Pfks, we denote oligomerization interfaces as "tetramerization" or "octamerization" interfaces although in PpPfk the ␣␤␥ protomer would assemble to a hexamer or dodecamer, respectively; these terms thus refer to ␣␤ chains only) is mainly mediated by helices 8Ј and 9Ј [see Supplemental Fig. 2 ; secondary structure elements are denoted such that the same identifier (numbers for helices, letters for strands) is used as for corresponding element in bacterial enzymes. A prime is added for elements in the C-terminal half. A complete list is given in sequence alignment; see Supplemental Fig. 14] . In the resulting heterotetramer, the N-terminal halves of the 2 chains with the active sites point to the outside, whereas the putative Fru-2,6-P 2 allosteric sites (36) point to the central channel along the z axis. This ␣ 2 ␤ 2 -heterotetramer most likely corresponds to the mammalian homotetramers.
In heterooligomeric yeast Pfks, 2 ␣ 2 ␤ 2 -tetramers form an ␣ 4 ␤ 4 -octamer by the action of dyads x and y. Interaction of the ␣ chains at the octamerization interface involves the loop between helix 5Ј and strand EЈ; the long loop between helix 11Ј and strand JЈ, including helix 11AЈ, which is not present in the bacterial enzymes; and helices 2Ј and 4Ј. In ScPfk, proteolytic cleavage and removal of ϳ80 aa from the C terminus of the ␣ chain results in the formation of a catalytically active tetrameric 12S-Pfk (14) . The corresponding interface formed by the ␤ subunits at the distal ends of the molecule along the z axis is involved in interactions with the N-terminal domains of the ␣␤ chains. These domains might thus prevent further aggregation along the z axis. For the mammalian Pfks, which lack the N-terminal domains, the formation of higher oligomers and heteroassociation with other proteins have been observed (16, 37, 38) .
Catalytic site and effector binding sites
Both active site structures in the N-terminal halves of the ␣ and ␤ chains appear to be intact, and in each active site of the 4 ␣ chains, 3 sulfate ions are bound close to the positions of the ATP ␥-phosphate and both phosphate moieties of F-1,6-P 2 (Supplemental Figs. 3A and 4). In the ␤ chains, the density indicates that ATP and sulfate ions are bound with partial occupancy. However, due to the weak density, only the sulfate ions have been included in the refined model. These findings are in agreement with previous studies (12, 39, 40) that indicated that the N-terminal halves of both chains are catalytically active. The former active site structures of the C-terminal halves have changed significantly (Supplemental Fig. 3C, D) . In particular, the nucleotide binding site appears to be completely destroyed, which strongly suggests that this is not the effector binding site for AMP or ATP. The sugar binding site is better maintained and may bind the activating F-2,6-P 2 effector, as previously indicated by mutagenesis studies for ScPfk (36) and the mammalian enzymes (39, 41) . The heterotropic allosteric coupling mechanism between the new effector binding site in the C-terminal halves and the conserved catalytic site in the N-terminal halves is probably similar to the allosteric mechanism of homotropic cooperativity as characterized for the bacterial enzymes, since the arrangement of subunits in the ␣␤-heterodimer resembles that of the bacterial homotetramer.
The 4 equivalent effector binding sites of the bacterial homotetramer are located between the subunits. In PpPfk, these sites correspond to 4 distinct potential effector binding sites per ␣␤ dimer (in addition to further sites derived from the former catalytic sites, see Fig. 3B ). Two sites (␣E and ␣EЈ, see Fig. 3 for notation) are located between the N-and C-terminal halves of the ␣ chain and 2 further sites (␤E and ␤EЈ) at the corresponding positions in the ␤ chain. Sites ␣E and ␤E, mainly formed by residues of the region between helix 8 and strand H and by residues following strand CЈ, show significant differences compared with the bacterial enzymes, but it appears possible for both chains that these sites still function as effector binding sites. Mutational studies (39) on the mammalian enzymes indicated that these sites correspond to the ATP inhibitory binding site. Sites ␣EЈ and ␤EЈ, formed by the loop between helix 8Ј and strand HЈ and by residues following strand C, are more diverged in both chains compared with the bacterial enzymes, in particular residues 818 -825 of the ␣ chain and the corresponding residues 792 to 799 of the ␤ chain occupy the position of the nucleoside moiety of the ADP complex of the bacterial Pfk (Supplemental Fig. 5 ). Polar residues, including 4 positively charged side chains, line the former phosphate binding pocket. These sites (corresponding to ␣EЈ and ␤EЈ) have been implicated in binding the inhibitory citrate in mammalian Pfks (39, 41 ), which appears plausible also for PpPfk based on the size and positive charge of the binding pocket. However, despite the presence of 100 mM citrate in the crystallization buffer, this binding site is occupied by sulfate ions. PpPfk is inhibited by 10 mM citrate in the absence of AMP to 20% residual activity (data not shown). Besides AMP, the presence of NH 4 ϩ also abolishes citrate inhibition (42) . It is reasonable to assume that the high concentration of sulfate and ammonium ions used as a precipitant in crystallization replaces citrate from its binding site. Citrate molecules were also not identified at other binding sites.
We find 4 clearly defined ATP molecules bound to the small domain of the N-terminal half of the ␤ chain (Fig. 4) . This ATP binding pocket is mainly formed by helices 8 and 13 and by strand G at the edge of the central ␤ sheet of the small domain. The adenine base is oriented deep inside the pocket, whereas the triphosphate chain is positioned at the surface of the protein.
When compared with the corresponding position in Figure 3 . Arrangement of the domains in the ␣␤ dimer. A) View along the pseudodyad r. The ␣ chain is shown in purple (glyoxalase I-like domain), blue (N-terminal half) and light blue (C-terminal half). Corresponding regions of the ␤ chain are in yellow, red, and orange. The ␥ subunit is shown in pale yellow. ATP molecule and superposed ligands are shown as in Fig. 1 . B) Potential effector binding sites of 1 ␣␤ dimer (without N-terminal domains). E, effector binding sites of the bacterial Pfks; N, nucleotide binding site in the bacterial active sites; F, F-6-P site of the bacterial active site. Prime indicates site that belongs to the C-terminal halves. As an example, ␤NЈ marks the former catalytic nucleotide binding site in the C-terminal half of the ␤ chain. the bacterial enzymes, the loop between strand G and helix 8, which coordinates the triphosphate chain, represents the most significant difference (Supplemental Fig. 6 ). Interestingly, there are further unique structural features of the eukaryotic enzymes nearby: helix 12 is much longer than in the bacterial Pfks, an additional helix 12A is formed, and there is a linker between the N-terminal half and the C-terminal half (after helix 13), which is also near the ATP binding site. Furthermore, the loop between strand H and helix 9 is longer than in the bacterial enzymes. These additional structural elements are conserved in other eukaryotic Pfks, although they are not involved in any subunit interactions.
The ATP molecule is 11 Å away from the bacterial effector binding site, which is presumed to be the inhibitory ATP binding site (corresponding to ␣E and ␤E) in mammalian Pfks based on mutagenesis data (39) . Although a P728L mutation in the ␣ chain of ScPfk close to the FЈ binding site has been shown to abolish ATP activation (43) , the location of the inhibitory ATP binding site remains unknown, since the mutation of this buried proline might destroy the activation mechanism but not the binding site. Furthermore, this mutation also abolishes activation by AMP and F-2,6-P 2 . The following arguments support the notion that the ATP molecule complexed to the PpPfk structure is bound to the inhibitory ATP site. Sites ␣E and ␤E are not occupied by ATP in our structure, and they are also not blocked by sulfate ions. ATP was present at a concentration of 10 mM in the crystallization buffer, and the presence of ATP is important for the stability of the enzyme. Finally, the enzyme was crystallized in the T state (see below) and the inhibitory ATP binding site should be occupied under these conditions.
A comparison to bacterial enzymes suggests a possible mechanism as to how ATP binding to this site might influence the allosteric transition. Helices 8 and 9 of the bacterial Pfks perform a shear motion with a net translation of 1.2 Å on the central ␤ sheet of the small domain between the R and T states (6) . ATP binding might induce this shear motion by binding between helix 8 and strand H of the central ␤ sheet. If helices 8 and 9 are shifted toward the active site of the ␣ chain as a result of ATP binding between helices 8 and 13, strands F and I might also shift closer to the ␣ chain, thereby inducing the closure of the F-6-P binding site similar to the situation in the bacterial enzymes, albeit induced by a different mechanism. Strands F and I form part of the active site, and they include residues ␣R396/␤R368 and ␣R487/␤R460, which are positioned to bind the 6-phosphate group of the substrate in PpPfk.
A comparison of the ATP binding site of the ␤ chain with the corresponding site of the ␣ chain shows that the adenine and ribose binding pockets appear well conserved, with no or only conservative replacements (Supplemental Fig. 6 ). The main difference is seen in the loop that binds the terminal phosphate group, which is oriented away from the binding site in the ␣ chain. In particular, the replacements of S404 and Q410 of the ␤ chain by E432 and D438 in the ␣ chain might negatively affect binding of ATP. There are no direct crystal packing interactions influencing the conformation of this loop. However, it is possible that crystal packing interactions indirectly interfere with a possible ATP binding site in the ␣ chain by stabilizing the allosteric protein in a conformation that does not allow binding of ATP to the ␣ chain.
Allosteric state
Crystallization in the presence of 10 mM ATP in the absence of activators and F-6-P suggests that the enzyme is in the T state (K T ATP ϭ0.024 mM; ref. 26 ). Based on a comparison of the R-and T-state structures of EcPfk and BsPfk, characteristic quaternary and tertiary structural changes were described for the conformational switch (2-6). As with many other allosteric enzymes, the T to R transition is accompanied by a rotation of subunits, here by 7°around the p axis. A comparison to the PpPfk ␣␤ dimer shows that the subunit orientations in the yeast enzyme more closely resemble the T-state structure (Supplemental Figs. 7-8) .
The structure of the region between strands I at the subunit interface across the r axis of the bacterial enzymes differ for the 2 allosteric states: in the T state, these strands are involved in direct hydrogen bonding interactions, forming a continuous ␤ sheet between the subunits (Supplemental Fig. 9 ). In the R state, the strands shift apart, and a layer of water molecules mediates the interactions. In PpPfk, this interface along the r axis occurs twice between the ␣ and ␤ chains: at the interface in the N-terminal halves, direct hydrogen bonding contacts and the distance between strands I clearly confirm the T state of the present structure (Supplemental Fig. 9 ). In the C-terminal halves, the situation is less clear due to the presence of P862 in strand IЈ of the ␣ subunit and of P836 in strand IЈ of the ␤ chain. These proline residues break the regular strand structures and disturb the hydrogen bonding pattern. However, the close distance of the neighboring strands at the interface is also more characteristic of the T-state structure. The active site is of course also affected by the allosteric switch, mostly the F-6-P binding site, which is formed by residues of both chains. Closing of the F-6-P site inhibits the enzyme in the T state (6). In the PpPfk structure, residues of strand I of the ␤ chain are positioned relative to the F-6-P binding site of the ␣ subunit in a way that resembles the situation in the bacterial T-state structures rather than the R state (Supplemental Fig. 10 ). Taken together, these findings show that PpPfk is in an inhibited T-state structure and that the general mechanism of the allosteric switch within the catalytic halves of the ␣␤ dimer might be similar to the bacterial enzymes.
The only structural feature that contradicts the notion that the present PpPfk structure is in the T state is the azimuthal rotation between the tetramers in the upper and lower half of the enzyme. Electron microscopy studies (20, 21) on ScPfk showed that the rotational angle between the top and bottom tetramers (i.e., the angle between the r axis of the tetramer in the top half and the r axis of the tetramer in the bottom half of Fig. 1 or Fig. 2) decreases from 75°to 46°for the F-6-P-activated R state compared with the ATP-bound T state. For the homooctameric S. pombe Pfk, an azimuthal angle of 65°was determined for the F-6-Pbound state and of 50°for the ATP-bound state (44) . This angle amounts to 81.5°in the present PpPfk crystal structure. In the EM structure of PpPfk analyzed in the presence of 1 mM ATP and 3 mM MgSO 4 , an azimuthal angle of 50°was observed.
The superpositions of the N-terminal halves (Supplemental Fig. 7B ) and of the C-terminal halves (Supplemental Fig. 11 ) of the ␣ and ␤ chains show that the 2 chains superimpose closely when only 1 half corresponding to a bacterial subunit is matched. However, the relative orientation of the 2 halves of each chain differs by 7.7°. The corresponding rotation axis does not exactly correspond to any of the r, p, q axes, its direction is closest to the r axis. It remains to be shown whether this asymmetry between the 2 chains changes with the allosteric switch.
N-terminal domains of the ␣␤ subunits
Electron density maps of the N-terminal domains of the ␣␤ subunits are much weaker than those of the remaining parts of the structure and in the refined structure the B values are significantly higher (Table 1 and Supplemental Fig. 12 ). Since these domains are nevertheless clearly folded, they obviously undergo a rigid body motion relative to the rest of the protein. Interestingly, the pseudo-2-fold symmetry axis r, which relates the core Pfk regions (N-and C-terminal halves) of the ␣ and ␤ chains, is not valid for the N-terminal domains. As the N-terminal domain of the ␣ chain is located at the distal end of the molecule along the z axis, the corresponding domain of the ␤ chain would be positioned at the octamerization interface if the r dyad is applied to this domain. Instead, it is also located at the distal end of the molecule along the z axis. The N-terminal domains of the ␣ and ␤ chains form a tightly interacting dimer in which both ␤ sheets of each chain assemble to 2 continuous larger sheets in the heterodimer (Fig. 5) . However, the 2 N-terminal domains that form this closely interacting heterodimer are not from the same ␣␤ heterodimer as the rest of the chain. Instead, the ␣ chain of one ␣␤-heterodimer interacts with the ␤ chain of the second ␣␤-heterodimer across the tetramerization interface. Via this domain swapping between 2 ␣␤ heterodimers, tight interactions are formed within and between the heterodimers, thus stabilizing the association of the ␣ 2 ␤ 2 heterotetramer. The N-terminal domains are linked to the rest of the chain via flexible linkers of ϳ25 residues. These residues are not defined in the electron density maps and also have no predicted secondary structure.
The 2 N-terminal domains of the ␣ and ␤ chains have a similar fold (RMSD of 2.2 Å for 107 of 141/174 residues, 11% sequence identity; Supplemental Fig.  13A ). Each chain forms 2 mixed 4-stranded ␤ sheets with 2 or 3 ␣ helices on 1 side of the sheet (near strands 2 and 6). At the other edge of the sheet, the subunits dimerize such that 2 continuous sheets of 8 strands are formed. The 2 ␤ sheets form a sandwich at the dimerization interface but have a strongly curved shape such that they are far apart at the terminal strands. The ␣ helices fill most of the space between the sheets at the ends.
An alignment to known protein folds in the PDB . This enzyme catalyzes the isomerization of the spontaneously formed hemithioacetal of an ␣-oxoaldehyde and GSH to S-2-hydroxyacylglutathione derivatives. The active sites of the homodimeric enzyme consisting of a divalent metal ion and a binding pocket for the glutathione compounds are located at the interface between both domains, and they are almost completely surrounded by the curved ␤ sheets. A superposition with substrate analogs suggests that the active site is not conserved in PpPfk (Fig. 5B) . Residues 151 to 154 of the ␣ chain and 49 to 55 of the ␤ chain fill most of the space of the former glutathione binding site. Also, the 3 metal coordinating residues are not conserved and the electron density maps do not indicate the presence of a metal ion in this region. In agreement with this finding, no glyoxalase I activity was detected for PpPfk (assayed as described in ref. 47 ).
In addition to forming a strong interaction across the tetramerization interface by formation of the domainswapped glyoxalase dimer, the dimer also bridges the ␤ subunits by interactions between the glyoxalase-like domain and the core Pfk regions (Fig. 5A and Supplemental Fig. 12B ). From the ␣ chain A, a loop between strands 3 and 4 (residues 64 to 106) interacts with ␤ chain B. This long loop is characterized by a complete lack of secondary structure elements. It is either not present in the glyoxalase I enzymes (e.g., PDB 2rk0; unpublished observations) or it is shorter and has a different conformation (PDB 1qin; ref. 48) . Further interactions are formed between strand 2 and the following loop of chain A and with the B chain. Chain D of this glyoxalase dimer interacts with residues after strand 8 of the B chain, and the short loop between strand 6 and helix B interacts with the D chain. There are no direct interactions between the glyoxalase dimer of chains A and D with the second dimer formed by chains C and B. The closest distance is observed across the z axis between the loops after strand 2, which may interact via water molecules.
The presence of the glyoxalase I-related domains at the N terminus of both chains of yeast Pfks suggests that yeasts acquired this domain by a gene fusion event from an ancient glyoxalase I before the second gene duplication event that led to the ␣ and ␤ chains (Supplemental Fig.  4) . The enzymatic glyoxalase I function is not preserved, as shown by the PpPfk structure and the lack of catalytic activity. After the first gene duplication and fusion event, the ␣ 2 dimers could evolve into stable ␣ 4 -tetramers, since the C-terminal halves formed a tetramerization interface. Fusion to the glyoxalase gene might have supported or initiated tetramerization by formation of the domainswapped dimers, such that the ␣ chain of one dimer forms a "glyoxalase dimer" with the ␣ chain of the other dimer across the tetramerization interface. It is possible that these domains no longer have important structural or kinetic functions in current fungal Pfks but may have instead acquired additional regulatory functions in the interaction with other proteins in yeast. A large number of phosphorylation sites found in both N-terminal domains of ScPfk supports such a function (49, 50) . Proteolytic cleavage of the flexible linkers between the glyoxalase domains and the core Pfk halves in ScPfk generates 17S octamers that exhibit a similar allosteric behavior as the intact Pfk (14) .
The unique ␥ subunit
The ␥ subunit of PpPfk consists of a single domain with an ␣/␤-structure (Fig. 6) . A central mixed 8-stranded ␤ sheet is flanked by 2 layers of ␣ helices on each side. With the exception of the 4 N-terminal residues and loop 152 to 175, which points toward the solvent and is presumably flexible, all residues have been modeled into the electron density maps. To analyze the evolutionary origin of the fold, we compared the structure of the ␥ subunit to the structures in the PDB using the DALI server (45) . A significant match was found to S-adenosylmethionine (SAM)-dependent methyltransferases (E.C. 2.1.1.6), with catechol-O-methyltransferase (PDB 2CL5; ref. 51) as the closest homologue (16% sequence identity for 178 out of 215 residues). A superposition with cocrystal structures with bound SAM and substrates shows that neither the cosubstrate nor the substrate binding sites are conserved (Fig. 6 ). The comparison also shows that the largest differences between the folds of catechol-O-methyltransferase and the ␥ subunit are observed in those regions of the ␥ subunit that interact with the ␣-and ␤ chains: the loop of residues 296 to 330, which includes helix L, interacts with the N-and C-terminal halves of the ␤ subunit and with helix 8 of the C-terminal half of the ␣ chain. The loop of residues 200 to 223 including helix H interacts with the N-and C-terminal halves of the ␣ chain. Mainly via these 2 loops the ␥ subunit bridges 2 ␣␤ dimers at the tetramerization interface (Fig. 6A) . Also, the octamerization interface is affected by the ␥ subunit: residues of the loops 72-82 and 112-117 interact with region 895-930 of the ␣ chain across the octamerization interface. This loop of the ␣ chain is unique to the eukaryotic Pfks, but it is shorter and not well conserved in other Pfks or in the ␤ chain (Supplemental Fig. 13 ). It is not present in the bacterial enzymes. A ␥-deletion mutant strain forms ␣ 4 ␤ 4 octamers, which are enzymatically active but differ in their allosteric behavior from the wild-type enzyme (27) . The mutant protein is also less stable.
Apparently, Pichia acquired the unique ␥ subunit from an ancient SAM-dependent methyltransferase. The evolutionary development of the loops described above allowed for a tight binding at the interface between the N-terminal and C-terminal halves of the ␣ and ␤ chains and between both chains, such that the ␥ chain is thus perfectly positioned to modulate the conformational switch between the R and T state, which in analogy with the bacterial Pfks is likely to include reorientations of the halves of both chains relative to each other within and between chains. EM data on ScPfk demonstrate further that the allosteric transition is accompanied by a relative rotation of the upper and lower halves of the enzyme around the z axis by 29°in the yeast enzymes (21) , which will also be influenced by the ␥ subunit bridging the 2 halves across the octamerization interface.
In summary, the structure of the intact full-length (␣␤␥) 4 -PpPfk provides detailed insight into the architecture of eukaryotic Pfks and the development of these complex regulated enzymes from an ancestor Pfk resembling the current bacterial enzymes. This includes the effector binding sites, the oligomer structure, and the evolutionary origin of the Nterminal domains of yeast Pfks as well as of the unique ␥ subunit in Pichia species. Our structural model clearly shows that eukaryotic Pfks and their substrate and effector sites did not simply evolve from bacterial ancestors by domain and gene amplification. An unexpected, novel ATP binding site has been characterized, whereas other binding sites such as the nucleotide binding sites in the C-terminal halves are destroyed. The structure of the T-state forms a molecular basis to further study the allosteric mechanism of eukaryotic Pfks by biochemical and structural studies, in particular concerning the Rstate structure, the conformational transition and the role of the unexpected novel ATP binding sites. The structure and evolutionary origin of the N-terminal domains raise interesting questions about their function in the current yeast Pfks as well as during the evolution of these enzymes.
